Polysialic acid is a developmentally regulated carbohydrate attached to the neural cell adhesion molecule, N-CAM, and abundant in embryonic tissues. There is increasing evidence that polysialic acid reduces N-CAM adhesion, thereby promoting neurite outgrowth and cellular mobility. It has been shown that two enzymes, polysialyltransferase, PST, and sialyltransferase X, STX, form polysialic acid on N-CAM. However, it is not known how these two enzymes contribute to polysialylation. In order to determine how the expression of PST and STX leads to polysialic acid synthesis during mouse development, the expression of PST and STX transcripts were evaluated by Northern blot analysis, competitive reverse transcription-polymerase chain reaction and in situ hybridization, and those results were correlated to the expression of polysialic acid. The results obtained by these analyses demonstrated that both PST and STX transcripts were barely detected at embryonic day 8 (E8) but increased after E9. PST and STX transcripts were present in substantial quantity between E11 and E15, coinciding with the period when maximum synthesis of polysialic acid is required. Ten days after birth, the level of STX transcript declined substantially, whereas the level of PST transcript only gradually declined and persisted in the adult brain. These results, taken together, strongly suggest that PST and STX coordinately synthesize polysialic acid during development. At the same time, they are expressed differentially in tissue-specific and cell-type-specific manners, suggesting that PST and STX may have distinct roles in development and organogenesis.
Introduction
Polysialic acid is a developmentally regulated carbohydrate composed of a linear homopolymer of α-2,8-linked sialic acid (Finne, 1982) . Polysialylated N-CAM is abundant in embryonic tissues, whereas the majority of N-CAM in adult tissues lacks this unique glycan. There is increasing evidence that polysialylated N-CAM may promote cell migration and enhance neurite outgrowth and branching during development and neural regeneration (Edelman, 1985; Rutishauser and Landmesser, 1996) . Polysialic acid is thought to modulate the functional properties of N-CAM by rendering it less adhesive to itself (homophilic binding) (Hoffman and Edelman, 1983; Sadoul et al., 1983) or to other cell surface receptors (heterophilic binding). In the latter case, it has been shown that N-CAM engages in cooperative interactions with L1 on the same membrane (cis-interaction) (Kadman et al., 1990) . The studies on N-CAM knock-out mice demonstrated a defect in spatial learning and memory, due to an anomaly in the olfactory bulb and hippocampus where polysialic acid is continuously synthesized in the adult brain (Tomasiewicz et al., 1993; Cremer et al., 1994) . By using N-CAM knock-out mice and endoneuraminidase (endo-N) treatment, recent studies have demonstrated that polysialic acid is required for the migration of the cells in the subventricular zone of the olfactory bulb (Hu et al., 1996) . Similarly, endo-N treatment of hippocampal cells in organotypic slice cultures was shown to prevent the induction of long-term potentiation, presumably by impairing the induction of synaptic plasticity (Muller et al., 1996) . These results, taken together, strongly suggest that polysialylated N-CAM plays a critical role during development and neural regeneration.
The cDNAs encoding human, hamster and mouse polysialyltransferases were cloned (PST for human, PST-1 for hamster, ST8Sia IV for mouse; Eckhardt et al., 1995; Nakayama et al., 1995; Yoshita et al., 1995) . The amino acid sequences of PST and PST-1 are more than 97% identical, and both PST and PST-1 directed the expression of polysialic acid on the cell surface. The same studies also revealed that PST and PST-1 are highly homologous to sialyltransferase X, STX (ST8Sia II) which had been cloned from rat embryonic brain (Livingston and Paulson, 1993) , suggesting that STX is a polysialyltransferase. In support of this speculation, STX was also shown to direct the synthesis of polysialic acid Scheidegger et al., 1995) and to form polysialic acid in both wild-type N-CAM as well as soluble chimeric N-CAM proteins (Kojima et al., 1996; Angata et al., 1997) .
Consistent with the presumed roles of polysialic acid, it has been shown that PST and STX facilitate neurite outgrowth (Nakayama et al., 1995; Angata et al., 1997) . After transfecting HeLa cells with human PST or STX and N-CAM cDNAs or N-CAM cDNA alone, they were used as the substratum for the neurite outgrowth assay. When neurons derived from embryonic chick brains were grown on these substrata, neurites were much longer and more branched on the substratum cells expressing polysialic acid and N-CAM than those on the substratum expressing N-CAM alone.
By using an in vitro assay system, both PST and STX were shown to add polysialic acid to fetuin and soluble chimeric N-CAM (Kojima et al., 1996; Mühlenhoff et al., 1996; . This demonstrates that either PST or STX alone can form polysialic acid by adding the first α-2,8-linked sialic acid to α-2,3-linked sialic acid in an acceptor, followed by multiple addition of α-2,8-linked sialic acid residues. In this context, PST and STX thus appear to share common enzymatic properties. Expression of PST and STX may directly regulate the function of N-CAM by controlling PSA synthesis. On the other hand, it is not known how the expression of these two enzymes leads to polysialic acid formation.
In order to address this question, in the present study the expression of PST and STX transcripts were evaluated during mouse development by Northern blot analysis, RT-PCR and in situ hybridization of PST and STX transcripts, and these findings were correlated to the expression of polysialic acid. The results obtained strongly suggest that PST and STX are expressed differentially, but in some cases overlappingly in specific tissues, and coordinately contribute to polysialic acid synthesis.
Results

Isolation of mouse PST and STX cDNAs
The cDNA encoding mouse PST (mPST, ST8Sia IV) was amplified by PCR using a cDNA library constructed from mouse neonatal brain poly (A) + RNA. The 5′-untranslated sequence was obtained using the mPST genomic clone isolated, which includes the exon sequence containing the initiation methionine. This 5′-region sequence was then appended to the cDNA sequence obtained by PCR to obtain a full length cDNA encoding the entire translation product. The cDNA sequence was found to have a perfect match with that reported later for mPST .
The cDNAs encoding the mouse STX (mSTX, ST8Sia II) 5′-end region and the rest of the sequence were separately obtained based on available sequence . These two cDNA fragments were then ligated to form a cDNA encoding the entire mSTX polypeptide.
Both mPST and mSTX cDNAs directed the polysialic acid expression in HeLa cells expressing N-CAM in the same way as described for human PST and STX (Angata et al., 1997) , demonstrating that the cDNAs isolated actually encoded polysialyltransferases.
Expression of mPST and mSTX transcripts determined by Northern blot analysis in various adult mouse tissues
In order to evaluate the individual roles of PST and STX, the expression of PST and STX transcripts in various adult mouse tissues was examined by Northern blot analysis. The transcript of β-actin was used to estimate the amount of poly(A) + RNA, although the expression of β-actin may vary slightly from tissue to tissue. mPST transcripts were substantially present in lung and heart, and moderately in skeletal muscle and brain (Figure 1 ). In contrast, mSTX transcripts were predominantly present in testis and lung, and moderately in brain. The signals in brain for mPST and mSTX transcripts may be slightly underestimated because the signal for β-actin was slightly weaker in brain poly(A) + RNAs than that in poly(A) + RNAs of other tissues (Figure 1) .
Expression of mPST and mSTX transcripts during mouse development determined by Northern blot analysis
It has been shown previously that polysialic acid attached to N-CAM plays a significant role in neural development (see Introduction). The expression of N-CAM transcripts in adult mouse parallels the expression of mPST and mSTX transcripts in Fig. 2 . Northern blot analysis of mPST, mSTX, and N-CAM transcripts in various stages of mouse development. Each lane contained 2 µg of poly(A) + RNA derived from the whole mouse embryos E11, E15, and E17, and the whole brain of new born (P0), day 5 (P5), day 10 (P10), day 15 (P15), day 26 (P26), and adult (P70) mice. The same blot was sequentially probed with 32 P-labeled mPST cDNA (PST), mSTX cDNA (STX), mouse N-CAM cDNA (N-CAM), and β-actin cDNA (β-actin). The amount of poly(A) + RNA in P10 was slightly more than that of the rest while that of adult was slightly less than the rest. brain ( Figure 1 ). We thus decided to examine the individual expression of mPST and mSTX in the brain during development.
As shown in Figure 2 , the amount of mPST transcripts was already high at E11 and this amount gradually declined during development, but still remained in adult brain. Similarly, N-CAM transcript was detected at E11, but its amount slightly decreased until P10. It then declined substantially but persisted in adult brain (Figure 2 ). When the same blot was hybridized with mSTX cDNA, the mSTX transcript was detected at E11, apparently reaching its maximum level at this stage. This amount of mSTX transcript declined gradually, and then a substantial drop was observed between P10 and P15 ( Figure 2 ).
Expression of mPST and mSTX transcripts during mouse development determined by RT-PCR and competitive PCR
To estimate the amount of mPST and mSTX transcripts, RT-PCR was carried out. The amount of mSTX transcripts was highest at E11 and maintained until P5. This amount decreased slightly at P10 followed by a substantial drop between P10 and P15 ( Figure  3 ). In contrast, the amount of mPST transcript decreased only gradually and appeared to persist even in adult.
In order to quantitate more accurately the amount of transcripts, the change in transcript level was determined by competitive PCR. In this analysis, a known constant amount of truncated cDNA was added to the cDNA samples derived from poly(A) + RNAs isolated from various stages of mouse development. The ratio of PCR products derived from mPST or mSTX cDNA and those derived from the added competitors was measured.
The results obtained demonstrate that the expression of mPST and mSTX is highly regulated during development (Figure 4 ). At E11, almost comparable amounts (1.3-1.4 amol) of PST and STX transcripts were present and they gradually decreased until P5 (Figure 4 ). After P10, the amount of STX transcript was substantially reduced while that of PST transcript was reduced only moderately. In adult brain, the amount of the PST transcript was approximately one-half of that at E11, while that of the STX transcript was less than one-quarter of that at E11.
Expression of polysialic acid in the developing mouse
The above results demonstrated the general trend in the changes of PST and STX transcripts. However, the above analysis had limitations since poly(A) + RNA was isolated from whole embryos of E11, E15, and E17, while whole brains were used for P0 and later stages. To precisely define the spatial and temporal localization of polysialic acid and the PST and STX transcripts, immunohistochemistry for polysialic acid and in situ hybridization for PST and STX transcripts were performed in tissue sections of E8 to E15 mouse embryos ( Figure 5 ).
Polysialic acid could not be detected at E8, and at E9 it was first noted in the ventrolateral regions of the neural tube and the medial region of the neural crests ( Figure 5 ). At E10, polysialic acid was moderately expressed in the intermediate and marginal zones of the midbrain, hindbrain, and spinal cord. At E11, the expression of polysialic acid was significantly enhanced in these regions but still modest in the ventricular zone which contains immature neuroepithelial cells. Weak staining was also noted in the dorsal root ganglia. At E12, the expression of polysialic acid reached a maximum in the entire regions of the brain and spinal cord. In addition, the sympathetic trunk and tenth nerve also expressed polysialic acid (Figures 5, 6) . After E13, the amount of polysialic acid was gradually reduced compared to that of E12, but even at E15, polysialic acid was still detectable.
For tissues other than the nervous tissues, significant amount of polysialic acid began to appear in the nasal cavity, heart, and mesonephros at E11, and in the tongue, liver, intestinal wall, adrenal gland, pancreas, and metanephros (definitive kidney) at E12 (Figures 5, 6 ). At E14, polysialic acid was noted in the lung and thyroid. Similar expression profile of polysialic acid in non-neural tissues was reported for rat embryos (Lackie et al., 1994) .
The results shown in Figures 5 and 6 were obtained by antibody 12E3, which reacts with polysialic acid that have six or more α-2,8-linked sialic acids (Sato et al., 1995) . Almost Fig. 3 . Estimation of the amount of mPST and mSTX transcripts by RT-PCR during mouse development. Single-stranded cDNAs reverse-transcribed from poly(A) + RNA derived from different stages of development were subjected to 30 cycles of PCR as described in Materials and methods. Poly(A) + RNAs used were the same as shown in Figure 2 . In parallel, β-actin cDNA was amplified to estimate the amount of cDNAs used. The amplified products were separated by electrophoresis in 2% agarose and visualized by staining with ethidium bromide. Size markers on the right are DNA fragments of φX174 RF DNA digested with HaeIII.
identical results were obtained (data not shown) using antibody 735 which reacts with polysialic acid that have eight or more α-2,8-linked sialic acids (Häyrinen et al., 1989) .
Expression of mPST transcript determined by in situ hybridization in the developing mouse
In general, the amount of mPST transcript and the expression of polysialic acid were correlated except for the E8 stage. A definite amount of the mPST transcript had been already expressed in the neural tube and neural crests of the E8 embryo, but polysialic acid was not detected as mentioned above ( Figure 5 ). After E9, the amount of mPST transcript was gradually but substantially increased toward the E12 stage. The most regionalized signal for mPST transcript was detected in the ventricular zone of the entire brain including the lateral ventricles, mesencephalic vesicle, and Fig. 4 . Estimation of the amount of mPST and mSTX transcripts by competitive RT-PCR during mouse development. Single-stranded cDNAs reverse-transcribed from poly(A) + RNA derived from different stages of development were mixed with 3 pg of the competitor cDNAs and subjected to 30 cycles of PCR as described in Materials and methods. Poly (A) + RNAs used were the same as shown in Figure 3 . In parallel, β-actin cDNA was amplified to estimate the amount of cDNAs used. The amplified products were analyzed in the same way as shown in Figure 3. fourth ventricle, and the spinal cord ( Figure 6 ). Essentially the mPST transcript and polysialic acid were expressed in the same parts of the brain and spinal cord, but the mPST transcript was expressed in the cytoplasm of the neuroepithelial cells whereas polysialic acid was detected along the cytoplasmic processes of the neuroepithelial cells (see, for example, the region shown by arrowheads in Figure 6 ). In addition, the dorsal root ganglia of the E11 embryo also expressed the transcript. At E12, the amount of the mPST transcript reached a maximum (Figures 5, 6 ), and hereafter it was gradually reduced during further development. At E15, however, detectable amount of the transcripts were still noted in the lateral ventricles of the brain.
In non-nervous tissues, mPST transcripts began to appear in the nasal cavity, heart, and liver at E10, and in the lung and mesonephros at E11. At E12, the transcript was detected in the tongue, adrenal gland, intestine, pancreas, and metanephros, and at E14, it was expressed in the thymus and thyroid (Figs. 5 and 6 ).
Expression of mSTX transcript determined by in situ hybridization in the developing mouse
Essentially mSTX transcript was detected in the same tissues where mPST transcript was expressed ( Figure 5 ). At E8, weak but definite signal for mSTX transcript was detected at the neural tube and neural crests as seen for mPST transcript. At E9, the amount of mSTX transcript increased dramatically, but unexpectedly the expression of polysialic acid in this stage was modest. This may be due to the lag between the appearance of the enzyme and the accumulation of polysialic acid enough to be detected. Between E10 to E12, the strong signal for the mSTX transcript was detected throughout the brain and spinal cord. After E13, the amount of mSTX transcript was reduced, but at E15, detectable amount of the transcript still remained in the lateral ventricles of the brain. Although the signal for mSTX transcript was stronger than that for mPST transcript, the expression pattern of the mSTX transcript was essentially similar to that of the mPST transcript. Namely, mSTX transcript was detected in the same places where mPST transcript was also expressed.
In certain tissues such as liver and heart, the amount of polysialic acid is less than that expected from the amount of PST and STX transcripts (see Figure 6 ). This may be due to the low expression of N-CAM or other glycosyltransferases such as α-2,3-sialyltransferase in these tissues at the observed developmental stages (see Fukada, 1994 for other examples). Further studies are necessary to address this problem.
Discussion
The present study demonstrated that polysialic acid synthesis is always associated with the presence of PST or STX transcript, indicating that the synthesis of polysialic acid is apparently controlled at the level of PST or STX transcription. The present study also showed that the amount of PST or STX transcript may regulate the level of polysialic acid synthesis in spatial and temporal manners in various organs, especially in the brain, of the mouse.
The results obtained by Northern blot analysis indicate that the PST transcript is expressed well in lung and heart, and moderately in skeletal muscle and brain (Figure 1) . The STX transcript, on the other hand, is prominently expressed in testis and lung, and moderately in brain. These findings indicate that the PST and STX transcripts are expressed in a tissue-specific manner. Similarly, in human tissues the PST transcript is expressed in the spleen, small intestine and peripheral blood leukocytes, where almost no STX transcript can be detected (Kitagawa and Paulson, 1994; Angata et al., 1997) . These results strongly suggest that either PST or STX predominantly plays a critical role in certain adult tissues.
RT-PCR and Northern blot analyses of transcripts from the brain of the developing mouse demonstrated that both PST and STX transcripts are expressed at E11. The amount of PST transcript gradually decreased during further development, but persisted in adult brain, expressing approximately one-half of the amount present at E11. The amount of STX transcript, on the other hand, reached a maximum at E11 to E15, then declined during further development to less than one-quarter at the adult stage (P70) compared to that of E15 (Figures 2-4) . Similarly, the amount of N-CAM transcript was maximum between E11 and P10, and then declined after P10. These results strongly suggest that PST and STX apparently coordinate to synthesize polysialic acid between E11 and E15, when polysialic acid synthesis is required the most ( Figure 5 ). In adult, PST might play a more dominant role in polysialic acid synthesis than STX.
The in situ hybridization studies revealed the expression profile of PST and STX transcripts in early stages of development such as E8, E9, and E10. The expression of PST transcript in the nervous tissues was gradually enhanced toward E12, while the STX transcript was expressed increasingly between E9 to E12. The highest amount of polysialic acid was synthesized at E12, when both transcripts reached a maximum level ( Figure 5 ). In contrast, only a small amount of polysialic acid was detected at E10, when a large amount of the STX transcript was detected. These combined results strongly suggest that efficient polysialic acid synthesis may require the coordinate expression of both PST and STX. In Northern blot and in situ hybridization analyses, the intensity of the signal for the STX was stronger than that for the PST transcript from E9 to E11. In contrast, the results obtained by competitive PCR suggest that the amounts of PST and STX transcripts are comparable at E11. This difference in the detected amount was probably due to the avidity of the probes used in these analyses. The GC content of the probes used to detect the mSTX transcript in Northern blot analysis and in situ hybridization was higher (53%) than that of the probes used for mPST (43%). These results indicate that measurements and observations derived from two or more independent methods, as carried out in the present study, should be done in order to arrive at a more accurate estimation of the relative amounts of the transcripts of two different genes.
The expression pattern of PST and STX obtained in the present study is similar to that of the N-CAM transcript. The N-CAM transcript was found to be expressed in the neural tube of early embryo at E8 (Goldwitz et al., 1990; Bally-Cuif et al., 1993; Wang et al., 1996) , at the same time when PST and STX transcripts were detected in the neural tube ( Figure 5 ). In another study, polysialylated N-CAM was found to be at a maximum at E13 and E14 in the developing mouse spinal cord (Boisseau et al., 1991) , at the same time when PST and STX transcripts are maximally expressed. By analyzing newly synthesized N-CAM and polysialyltransferase activity, polysialic acid synthesis was reported to decline gradually during chick embryonic development (Oka et al., 1995) . The synthesis of polysialylated N-CAM dramatically decreases right before birth in this system. All of these results point toward the fact that the synthesis of polysialic acid reaches a maximum right before birth and declines significantly just after birth.
The results obtained in the present study strongly suggest that developmental regulation of polysialic acid is apparently determined by the developmental regulation of the expression levels of both PST and STX transcripts. We have shown recently that the mossy fibers derived from dentate gyrus in hippocampus formation are enriched with polysialic acid, and that this polysialic acid appears to be coordinately synthesized by both PST and STX (Angata et al., 1997) . These results suggest that long-tract neurons require both PST and STX for polysialic acid synthesis.
Recently, Kurosawa et al. (1997) reported the expression profile of mSTX transcript during mouse development. While the results on the expression profile of mSTX are consistent with our results, they reported the estimated amount of mPST as about one-tenth as that of mSTX. In contrast, our results indicate that mSTX and mPST are present in comparable amounts at E11. On the other hand, it is possible that efficiency for transcript amplification during competitive PCR varies depending on the sequences. For that reason, we chose the sequence for amplification of mPST and mSTX as close as possible to each other using cDNAs primed by oligo(dT). In contrast, Kurosawa et al. (1997) synthesized cDNA using primers that are specific to each gene and then PCR was performed. In relation to these findings, Phillips et al. (1997) reported using in situ hybridization that PST and STX transcripts are coexpressed in almost the same quantity in the embryonic rat brain but STX expression was reduced relative to PST in the adult rat brain. These results, combined together, suggest that the relative abundance of two different transcripts such as PST and STX may be difficult to estimate. Further studies are necessary to resolve this problem.
In summary, the present study demonstrates that the expression of polysialic acid is closely associated with the expression of PST or STX transcripts, and that the PST and STX transcripts are expressed differentially, but in some cases overlappingly, in specific tissues. Moreover, the presence of both PST and STX transcripts appears to be required for polysialic acid synthesis in long-tract neurons. Further studies will be of significance to determine how PST and STX coordinately contribute to polysialic acid synthesis during development and organogenesis.
Materials and methods
Isolation of a cDNA encoding mouse PST (mPST)
A mouse genomic DNA library derived from 129 SVJ mouse genomic DNA library (Stratagene) was cloned as described previously (Angata et al., 1997) . The EcoRI 1.5 kb-fragment of clone I, I15, containing the initiation methionine was cloned into the EcoRI site of pBluescript II SK (Stratagene), resulting in pBluescript-5′-I15.
In parallel, mPST cDNA was amplified by PCR using AmpliTaq DNA polymerase (Perkin Elmer) and phage cDNA library constructed from poly(A) + RNA of BALB/c mouse neonatal brain (Stratagene). The primer sequences for PCR were adapted from human PST cDNA sequence (Nakayama et al., 1995) , corresponding to nucleotides -7 to 13 and the complementary sequence of nucleotides 1072-1093, respectively (nucleotides 1-3 encode the initiation codon). The 5′-and 3′-primers in addition contained HindIII and XbaI sites. The PCR product obtained was cloned into HindIII and XbaI sites of pBluescript II SK. The AccI-XbaI fragment (nucleotides 43-1093) of the above plasmid was then ligated to pBluescript-5′-I15, which had been digested by EcoRI and AccI. This ligation resulted in a chimera of genomic and cDNA sequence of mPST, replacing the 5′-end human sequence with the mouse sequence. The plasmid was digested at SmaI site (11 nucleotides upstream from the initiation codon) and at XbaI site, and SmaI-XbaI fragment was cloned into EcoRV and XbaI sites of pcDNAI (Invitrogen), resulting in pcDNAI-mPST.
Isolation of a cDNA encoding mouse STX (mSTX)
A cDNA encoding a 3′-region sequence of mSTX was prepared by reverse transcriptase-catalyzed cDNA synthesis using the 3′-primer that is complementary to nucleotides 1126-1149 (nucleotides 1126-1128 encode the stop codon; Kojima et al., 1995) . The cDNA sequence was then amplified using this 3′-primer and a 5′-primer which corresponds to nucleotides 98-123. The 5′-and 3′-primers also contained EcoRI and XhoI sites, respectively. In parallel, the cDNA fragment representing the 5′-portion of mSTX cDNA, prepared below as a probe for in situ hybridization, was digested with Ecl136II (at the SacI site in the multiple cloning sites) and EcoRI. This cDNA fragment was appended to the 5′-end of the 1052-bp cDNA described above at a shared EcoRI site to form a cDNA predicted to encode the entire mSTX polypeptide. The resulting cDNA was subcloned into EcoRV and XhoI sites of pcDNAI, resulting in pcDNAI-mSTX.
Preparation of a probe for in situ hybridization of mPST and mSTX
Using genomic clone pBluescript-5′-I15 as a template, mPST cDNA sequence surrounding the initiation methionine (nucleotides -47 to 113) was amplified by PCR as described previously (Angata et al., 1997) . In order to obtain the 5′-region of mSTX cDNA, cDNA was synthesized by reverse transcriptase using poly(A) + RNA from mouse brain (CLONTECH). The sequence encompassing nucleotides -45 to 107 was then amplified by PCR as described previously (Angata et al., 1997) . The amplified cDNA sequence was cloned into XbaI and KpnI sites of pBluescript II SK, and the resultant vector was used as a template for the construction of RNA probes. A digoxigenin-labeled antisense RNA probe was produced using the XbaI-cut template and T7 RNA polymerase (Promega) with the DIG RNA labeling kit (Boehringer Mannheim). Similarly, a sense probe for a negative control experiment was prepared using the Asp718-cut template and T3 RNA polymerase with the same kit.
In situ hybridization for mPST and mSTX transcripts in mouse
Hybrid-Ready tissue slides of mouse embryo and adult brain (NIH Swiss strain) were purchased from Novagen. In situ hybridization was performed as described previously (Angata et al., 1997) . The sections were subjected to immunohistochemistry for detection of the hybridized probes by using alkaline phosphatase-conjugated anti-digoxigenin antibody with the DIG nucleic acid detection kit (Boehringer-Mannheim). The alkaline phosphatase reaction was demonstrated by 5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium in the presence of 10% polyvinyl alcohol (De Block and Debrouwer, 1993; Watanabe et al., 1995) . Control experiments using sense probes for PST or STX produced no specific signals.
Immunohistochemistry for polysialic acid
The Hybrid-Ready tissue slides were subjected to the immunohistochemical staining for detection of polysialic acid as described previously (Nakayama et al., 1993 (Nakayama et al., , 1995 . A monoclonal antibody 12E3 (Seki and Arai, 1991) or 12F8 (Chung et al., 1991 , obtained from Pharmingen) specific for polysialic acid was used in this study. Immunochemical detection was performed by indirect method using anti-mouse (for 12E3) or anti-rat (for 12F8) immunoglobulins conjugated with horseradish peroxidase (Dako) (Nakane, 1975) , followed by counter staining with hematoxylin. A control experiment was done by omitting the antibody 12E3 or 12F8 from the staining procedure, and no specific staining was found. Monochrome photographs were taken using 321F436 filter (Olympus, Tokyo, Japan) to reduce coloration of hematoxylin. In certain experiments, specific staining for polysialic acid was removed by endo-N treatment (Hallenbeck et al., 1987) .
Northern blot analysis of mouse embryos and various mouse tissues
Total RNA was isolated from whole brains from mice (NIH Swiss/Webster strain) using TRIzol (Gibco-BRL). Poly(A) + RNAs were purified twice using oligo(dT) beads (Oligotex, Qiagen) or an mRNA isolation kit (Poly(A) Pure, Ambion) and stored at -80_C until use. Two micrograms of poly(A) + RNAs were separated by formaldehyde-agarose gel electrophoresis and blotted onto Nytran Plus membrane (Schleicher and Schuell).
The blot was probed with a gel purified cDNA insert of pcDNAI-mPST, pcDNAI-mSTX or pMV7 harboring mouse N-CAM cDNA (Barthels et al., 1987) 
Estimation of mPST and mSTX transcripts by RT-PCR during development
Poly (A) + RNAs (500 ng) from different stages of mouse development were reverse-transcribed to cDNAs using oligo(dT) as a primer and RT-PCR kit (Stratagene, La Jolla, CA). Single-stranded cDNAs (2 µl) were mixed with 10 pmol of 5′ and 3′-primers for mPST or mSTX. The following primers were used: 5′ primers, 5′-TAAGGTGCAATCTAGCTCCTGTGGTGG-3′ (nucleotides 498-524 of mPST) and 5′-TGAAGAATAAG-CATTTCCAGACTTGTGCC-3′ (nucleotides 446-474 of mSTX); 3′ primers, 5′-GCATCCTGTGAGGACTGGCGTTG-GAAA-3′ (nucleotides 1000-974 of mPST) and 5′-CAGAAGC-CATAAAGGTAGATCTGAT-3′ (nucleotides 947-923 of mSTX). PCR was carried out for 30 cycles at 94_C, 1 min; 60_C, 1 min and 72_C, 2 min. After amplification, aliquots were subjected to electrophoresis using 2% agarose gels, followed by photographic recording of the gels stained with ethidium bromide. The level of β-actin mRNA was measured for each cDNA sample by PCR using the mouse β-actin primers (Stratagene).
Quantitation of mPST and mSTX transcripts using competitive PCR
The levels of mPST and mSTX transcripts were measured by competitive PCR (Siebert and Larrick, 1992) using their respective cDNAs prepared above (Sasaki et al., 1994; . For distinction of a target cDNA from its competitor DNA, a portion of cDNAs of mPST and mSTX was deleted. Thus, 146 bp PmlI-Bst1107I fragment (nucleotides 709-854) and 156 bp SmaI-SmaI fragment (nucleotides 581-736) were deleted from mPST and mSTX cloned in pcDNAI, respectively. After separation by agarose gel electrophoresis, the plasmid DNA fragments were ligated at blunt ends, resulting in pcDNAImPSTd and pcDNAI-mSTXd.
For competitive PCR, single-stranded cDNAs (1 µl) were mixed with 3 pg of competitor PST DNA, pcDNAI-mPSTd, or competitor STX DNA, pcDNAI-mSTXd and 10 pmol of 5′ and 3′-primers for mPST or mSTX. The primers used and PCR conditions were the same as those used in RT-PCR. Amplified DNA fragments were quantified by scanning the negative films using a densitometer (LKB Ultroscan XL Enhanced Laser Densitometer). The relative amounts of amplified target cDNAs were calculated against a known amount of mPST or mSTX competitor cDNAs amplified to exponential phase in the absence of any target DNA using the same sets of mPST or mSTX primers. The amplified target DNAs were further normalized against β-actin DNA amplified from each stage of mouse development.
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